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ABSTRACT 

Multifunctional  structural  composites  are  being  developed  to  simultaneously  bear  mechanical 
loads  and  store  electrochemical  energy.  These  composite  batteries  can  replace  inert  structural 
components  and  concurrently  provide  supplementary  power  for  light  load  applications. 
Significant  weight  savings  can  be  achieved  by  designing  composite  battery  components, 
packaging,  electrolyte,  separator,  and/or  electrodes  with  built-in  structural  and  energy  efficiency. 
Prior  efforts  have  focused  only  on  utilizing  structural  packaging  with  traditional  battery 
components.  In  this  approach,  novel  electrolyte  and  electrode  materials  are  being  developed  to 
optimize  both  electrochemical  and  mechanical  properties.  Solvent-free  structural  vinyl  ester 
polymer  electrolytes  are  being  formulated  to  achieve  necessary  mechanical  strength  while 
enabling  ion  conductivity.  Structural  carbon  anodes  and  cathode  materials  deposited  on  metal 
substrates  are  being  developed  as  electrode  components.  Charge/discharge  cycling  is  used  to 
evaluate  electrochemical  capacity  of  the  electrode  materials,  and  tensile  tests  are  used  to  evaluate 
their  mechanical  properties.  Several  different  structural  separator  materials  are  being 
investigated  as  well.  All  of  these  components  allow  the  use  of  moldable,  scalable,  and  cost- 
effective  composite  processing  techniques.  Progress  in  the  development  of  each  component,  and 
its  impact  on  the  overall  multifunctional  composite  battery’s  electrochemical  and  mechanical 
properties  will  be  discussed. 


KEY  WORDS:  Fiber  metal  laminate,  battery  systems,  carbon  fiber  composites 

1.  INTRODUCTION 

For  some  engineering  systems,  batteries  comprise  a  significant  fraction  of  the  overall  system 
mass  and  volume.  Examples  include  small,  battery  powered  unmanned  aerial  vehicles,  and 
automobiles  with  hybrid  battery-combustion  powerplants.  The  perfonnance  of  these  systems  can 
be  improved  by  minimizing  overall  weight  and  volume,  while  maximizing  available  energy  and 
power.  One  way  to  address  this  challenge  is  to  improve  battery  energy  density.  A  different 
approach  is  to  create  a  structural  composite  battery  (1,  2,  3),  where  a  load-bearing  structural 
composite  battery  is  integrated  into  the  body  structure  and  used  as  a  secondary  power  source. 
The  load-bearing  capacity  of  the  structural  battery  allows  it  to  replace  traditional  structural 
materials,  thereby  reducing  overall  system  mass.  Existing  studies  on  structural  batteries  have 
mainly  focused  on  creating  structural  packaging  (2). 
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This  paper  investigates  structural  composite  batteries  in  which  the  fundamental  battery 
components,  such  as  electrodes,  electrolyte,  and  separators,  are  the  primary  load-bearing 
components.  These  designs  have  the  potential  for  higher  multifunctional  performance  than 
batteries  that  rely  primarily  on  structural  packaging. 

Our  structural  battery  is  a  fiber-matrix  composite  with  each  component  designed  for  both 
structural  and  electrochemical  performance.  The  design  utilizes  a  carbon  fiber  anode,  cathode 
material  cast  on  a  metal  substrate,  glass  fiber  separator,  and  a  polymer  electrolyte  matrix.  The 
carbon  anode  and  cathode  substrate  serve  as  current  collectors  and  are  designed  to  be  load- 
bearing.  The  structural  polymer  electrolyte  conducts  lithium  ions  between  the  anode  and  cathode 
to  participate  in  the  electrochemical  reactions  as  the  battery  charges/discharges,  while 
transferring  mechanical  load  to  the  reinforcing  anode,  cathode,  and  separator  layers.  The 
electrolyte  also  provides  an  electrically  insulative  barrier  between  the  electrodes.  Lithium-ion 
chemistry  was  chosen  for  this  composite  battery  due  to  its  high  energy  density  and  compatibility 
with  polymer  electrolytes  (6).  This  design  has  the  potential  for  weight  and  volume  reductions 
which  would  improve  perfonnance  in  many  applications. 

Most  attempts  to  create  structural  electrolytes  result  in  materials  with  ionic  conductivities  that 
are  lower  than  conventional  polymer  electrolytes  (4,  5).  Therefore,  for  our  high  impedance 
electrolytes,  the  distance  between  the  electrodes  limits  the  rate  of  charges/discharges  of  the 
battery.  To  minimize  this  electrolyte  spacing,  a  porous  separator  is  used  to  ensure  a  constant 
electrolyte  thickness  and  prevent  electrode  short-circuiting.  For  our  multifunctional  battery,  a 
glass  fiber  fabric  is  used  as  the  separator.  This  separator  material  provides  both  electrical 
isolation  and  structural  support  to  the  composite  battery. 

Previous  efforts  have  emphasized  the  electrochemical  properties  of  the  individual  composite 
components  (4,  5).  This  paper  focuses  on  the  mechanical  design  and  characterization  of  the 
structural  composite  battery.  Material  selection  and  the  mechanical  impact  of  these  materials  on 
overall  composite  perfonnance  are  discussed.  Mechanical  tests  are  performed  on  the  cathode 
substrates,  anode  materials,  and  full  battery  composites.  A  linear  elastic  model  of  the  battery 
composite  will  be  presented  and  compared  with  the  results  of  composite  battery  mechanical 
testing. 


2.  EXPERIMENTAL 


2.1  Materials 

2.1.1  Electrolyte  Previous  accounts  detailed  our  evolution  of  vinyl  ester  resins  for  use  as 
structural  electrolytes  (4).  Here,  a  single  electrolyte  formulation  is  used  exclusively  to  simplify 
the  mechanical  testing  of  the  structural  composite  battery.  The  electrolyte  is  a  vinyl  ester 
random  copolymer  comprised  of  80  wt%  methoxy  poly(ethylene  glycol)  550  monoacrylate  and 
20  wt%  ethoxylated  pentaerythritol  tetraacrylate.  Both  components  were  acquired  from 
Sartomer  Company  with  the  respective  product  numbers  CD553  and  SR494.  Sartomer  reports 

the  resin  densities  to  be  1.1  g/cm  .  The  bulk  electrolyte  has  been  tested  to  have  an  ion 
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conductivity  of  4x10'  S/cm“  and  a  compressive  modulus  of  25  MPa.  (4,  5).  Currently,  research 
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is  being  conducted  on  other  types  of  electrolytes  with  better  ion  conductivities  and  moduli  and 
will  be  addressed  in  future  publications. 

2.1.2  Anode  Two  structural  anode  fabrics  were  tested:  a  plain- woven  carbon  fabric  and  a  non- 
woven  carbon  fabric.  These  fabrics  were  selected  for  this  study  based  on  their  good  anodic 
electrochemical  capacity  values  as  measured  in  previous  studies  (4,  5,  7).  The  woven  fabric, 
style  4163  from  Textile  Products  Inc.,  is  a  12.5x13  yam  per  inch  fabric  composed  of  3k  tows  of 
T-300  carbon  fiber.  The  non-woven  fabric  is  grade  8000036  from  Hollingsworth  and  Vose. 
Both  of  these  fabrics  are  shown  in  Figure  1,  and  their  mechanical  and  electrochemical  properties 
in  the  roll  direction  are  summarized  in  Table  1.  The  thickness  and  areal  density  values  are  from 
the  manufacturer,  and  the  capacity  values  were  reported  previously  (5).  The  non-woven  fabric 
was  tested  as  described  in  Section  3.1  to  provide  the  stiffness  and  strength  values  reported  in 
Table  1.  The  stiffness  and  strength  values  of  the  woven  fabric  reported  in  Table  1  were 
calculated  as  described  in  Section  4.1. 

2.1.3  Cathode  The  composite  cathode  material  utilizes  LiFePC>4  chemistry.  The  composition  of 
the  cathode  material  film  deposited  onto  the  metal  substrate  is  72wt%  LiFePC>4,  8wt%  acetylene 
black,  and  20wt%  poly(ethylene  oxide)  200k  as  a  binder.  Acetylene  black  ensures  electrical 
conductivity  throughout  the  film  (8),  and  the  binder  keeps  the  film  intact  during  processing. 
These  materials  are  solvent  cast  on  the  metal  substrate  using  acetonitrile.  The  measured 
electrochemical  capacity  of  the  active  material  is  85  mAh/g  (4,  5). 

Table  1.  Structural  anode  properties.  Mechanical  properties  are  reported  in  the  roll  direction. 


Fabric 

Areal 

Effective 

Volume 

Specific 

Tensile 

Specific 

Tensile 

Style 

Thickness 

(mm) 

Density 

(g/m2) 

Fraction 

Capacity 

(mAh/g) 

Stiffness 

(GPa/(g/cm3)) 

Strength 

(MPa/(g/cm3)) 

Non-woven 

0.25 

34 

7.6% 

117 

20.8 

87.5 

Woven 

0.33 

202 

34% 

199 

65.3 

1100 

Figure  1.  Non-woven  (left)  and  woven  (right)  structural  anodes. 
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Many  different  types  of  metal  substrates  are  chemically  stable  with  LiFePC>4  chemistry  (over  a 
2.8-4.0V  range  (8))  including  stainless  steel  and  titanium.  Stainless  steel  was  evaluated  in  this 
study  due  to  its  high  availability  and  low  cost.  Trends  in  stainless  steel  mechanical  performance 
due  to  sample  geometry  can  be  extrapolated  to  other  candidate  cathode  substrate  materials.  A 
solid  foil  is  not  suitable  because  it  does  not  allow  through-thickness  resin  flow  during  composite 
processing.  Instead,  three  geometries  of  porous  foil  were  investigated:  a  woven  mesh,  an 
expanded  foil  and  a  perforated  foil.  The  woven  (McMaster-Carr  part  #9656T181)  and  perforated 
(McMaster-Carr  part  #9329T1)  foils  are  composed  304  stainless  steel,  while  the  expanded  foil 
(Dexmet  part  #5SS(316L)  10-050)  is  composed  of  316L  stainless  steel.  These  foils’  different 
geometries  are  shown  in  Figure  2,  and  their  properties  are  summarized  in  Table  2.  The  stiffness 
and  strength  values  in  Table  2  are  roll  direction  properties.  The  thickness  of  the  foils  range  from 
0.2  to  0.25  mm,  and  the  effective  density  varies  between  geometries.  The  geometry  of  the 
openings  can  be  tailored  to  the  application  in  the  future.  The  open  surface  area  of  all  three 
architectures  was  chosen  to  be  approximately  30%  since  this  is  qualitatively  a  good  compromise 
between  in-plane  mechanical  stiffness  and  available  open  area/surface  area  for  cathode  material 
deposition. 

2.1.4  Separator  The  separator  is  a  4-harness  satin  weave  glass  fiber  cloth  E-BX  from  Vector 
Ply.  The  fabric  is  0.1 1  mm  thick  and  has  an  areal  density  of  99  g/m  and  approximately  64x64 
yams  per  inch.  The  effective  fiber  volume  fraction  for  this  fabric  is  35%.  Tensile  stiffness  of 
this  fabric  is  estimated  in  Section  4.1.  Thinner  fabrics  are  commercially  available  and  will  be 
investigated  in  the  future. 

Table  2.  Structural  cathode  properties.  Mechanical  properties  are  reported  in  the  roll  direction. 


Substrate 

Style 

Thickness 

(mm) 

Areal 

Density 

(g/m2) 

Effective 

Volume 

Fraction 

Average 

Specific 

Tensile 

Stiffness 

(GPa/(g/cm3)) 

Average 

Specific 

Tensile 

Strength 

(MPa/(g/cm3)) 

Woven 

0.22 

596 

35% 

2.35  ±0.08 

38.0  ±0.6 

Expanded 

0.20 

677 

42% 

1.48  ±0.06 

30.6  ±3.5 

Perforated 

0.25 

893 

45% 

5.74  ±0.28 

62.5  ±0.4 

Figure  2.  Woven  (left),  expanded  (middle)  and  perforated  (right)  stainless  steel  foils. 
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2.2  Composite  processing  Four  composite  batteries  were  processed  using  modified  vacuum 
assisted  resin  transfer  molding  (VARTM)  to  prevent  moisture  intrusion  during  fabrication.  The 
general  lay-up  and  fabrication  procedure  is  the  same  as  previously  published  (4,  5).  Two 
composite  batteries  were  fabricated  and  tested  mechanically,  while  two  other  batteries  were 
fabricated  and  tested  electrochemically.  Both  composite  batteries  for  mechanical  testing  utilized 
a  woven  carbon  fabric  anode.  One  of  the  composites  for  electrochemical  testing  utilized  a 
woven  carbon  fabric  anode,  while  the  other  composite  utilized  a  non-woven  carbon  fiber  anode. 
The  woven  and  non-woven  carbon  anodes  are  described  in  section  2.1.2. 

All  composite  batteries  utilized  the  electrolyte  described  in  section  2.1.1,  the  E-BX  glass  fiber 
separator  described  in  section  2.1.4,  and  the  perforated  stainless  steel  cathode  substrate  and 
LiFePCfi  cathode  materials  described  in  Section  2.1.3.  The  roll  direction  of  the  anode,  cathode, 
and  separator  materials  of  the  composite  samples  were  all  oriented  along  the  same  axis.  Each 
composite  was  a  double  cell  consisting  of  two  structural  anodes  with  a  cathode  sandwiched 
inbetween.  A  separator  layer  was  placed  in  between  each  anode  and  cathode  interface.  A 
schematic  of  the  composite  battery  lay-up  is  shown  in  Figure  3. 

2.3  Mechanical  testing  All  mechanical  testing  was  perfonned  on  an  MTS  Synergie  1000  load 
frame  with  a  5  kN  load  cell,  using  a  constant  extension  rate  of  2.5  mm/min. 

2.3.1  Anodes  The  non-woven  fabric  was  cut  into  three  tensile  specimens,  each  1.27  cm  wide. 
These  samples  were  clamped  in  the  load  frame  at  a  gauge  length  of  10.2  cm,  and  tested  in 
tension  to  failure. 


2.3.2  Cathode  substrates  The  active  cathode  material  is  granular  with  no  significant  mechanical 
properties,  so  only  the  cathode’s  metal  substrate  contributes  to  the  mechanical  properties  of  the 
composite  battery.  The  woven,  expanded,  and  perforated  stainless  steel  foils  were  tested  in 
tension.  In  order  to  test  material  behavior  along  different  loading  directions,  samples  were  cut  in 
different  orientations  with  respect  to  the  roll  direction  of  each  material.  Three  samples  were  cut 
for  each  orientation.  The  samples  were  cut  in  a  dogbone  shape,  as  shown  in  Figure  4. 
Dimensions  and  test  conditions  were  chosen  to  follow  the  guidelines  in  ASTM  E8-04  (9). 


Carbon  Fabric 
Anode 

Glass  Fabric 
Separator 

Stainless  Steel 
Cathode  Substrate 

Glass  Fabric 
Separator 

Carbon  Fabric 
Anode 


Figure  3.  Schematic  of  the  composite  battery  cross-section. 
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175  mm 


13  mm 


Figure  4.  Tensile  test  specimen  schematic. 

2.3.3  Composite  battery  The  two  composites  for  mechanical  testing  were  cut  into  10  rectangular 
prismatic  strips,  each  approximately  100  mm  long  x  13  mm  wide  x  1  mm  thick.  The  roll 
direction  of  the  woven  carbon  fabric  (and  hence  all  other  plies)  was  oriented  along  the  test  axis. 
A  schematic  of  the  tensile  samples’  cross-section  can  be  found  in  Figure  3.  After  bonding  25 
mm  long  end  tabs  to  each  specimen,  they  were  tested  in  tension. 

2.4  Electrochemical  testing  Electrochemical  test  procedures  and  the  results  of  anode  and 
cathode  half  cells  have  been  reported  previously  (4,  5).  The  geometry  of  the  metal  is  unlikely  to 
affect  the  electrochemistry  of  the  cathode.  The  different  geometries  contribute  a  different 
amount  of  available  surface  area  for  cathode  material  deposition  which  could  affect  the  energy 
density,  but  not  the  electrochemical  capacity  or  resistance. 

2.4.1  Liquid  electrolyte  full  cells  For  compatibility  of  electrode  materials,  an  ideal  electrolyte 
and  composite  electrode  components  were  tested  in  a  coin  cell  configuration.  The  ideal 
electrolyte  selected  was  a  liquid  electrolyte,  1.0  M  LiPF6  in  ethylene  carbonate/dimethyl 
carbonate  at  30:70  by  weight.  The  structural  anode  material  tested  was  the  non-woven  carbon 
fabric  against  the  LiFePCfi  cathode  material.  Coin  cells  were  tested  on  a  Maccor  4000  at  a 
constant  current  of  9x1 0'5  A  during  the  first  three  cycles  while  the  SEI  layer  is  being  formed  (10) 
and  then  at  3x1  O’4  A  for  the  remainder  of  the  test.  Full  details  on  the  preparation  and  procedures 
to  test  these  coin  cells  were  reported  previously  (4,  5).  In  the  future,  the  woven  carbon  fabric 
will  also  be  tested  in  this  configuration. 

2.4.2  Composite  battery  Composite  batteries  were  initially  screened  by  using  an  ohmmeter  to 
measure  their  anode-to-cathode  electrical  resistance  under  dry  conditions.  In  a  properly 
performing  battery,  this  resistance  is  infinite.  The  two  batteries  constructed  for  this  study 
exhibited  finite  resistances  (Section  4.3),  and  were  not  subject  to  formal  electrochemical  cycling. 
Electrochemical  cycling  of  full  composite  batteries  will  be  reported  in  a  future  publication. 
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3.  SUBCOMPONENT  TESTING 


3.1  Anode  mechanical  properties  In  Table  1,  the  effective  volume  fractions  of  the  carbon 
fabrics  were  calculated  by  dividing  the  areal  density  of  each  fabric  by  its  thickness,  and  then 
nonnalizing  by  the  density  of  typical  carbon  fibers  (1.8  g/cm3).  These  effective  volume  fraction 
values  represent  the  fiber  volume  fraction  that  would  be  expected  for  a  polymer-matrix/carbon- 
fabric  lamina  composed  of  each  fabric. 

The  average  measured  stiffness  and  strength  values  for  the  non-woven  fabric  were  2.5  GPa  and 
10.5  MPa,  respectively.  These  values  were  then  normalized  by  the  areal  density  and  thickness  of 
each  fabric  type  to  provide  the  specific  stiffness  and  strength  values  reported  in  Table  1. 

Tensile  stiffness  of  the  woven  fabric  was  estimated  as  described  in  Section  4.1.  Strength  of  the 
woven  fabric  was  not  provided  by  the  manufacturer,  but  was  estimated  using  the  manufacturer’s 
data  for  the  strength  of  a  3k  tow  of  T-300  carbon  fibers,  the  fiber  volume  fraction  of  the  fabric, 
and  a  simple  0°/90°  cross-ply  arrangement.  Strength  and  stiffness  values  for  the  woven  fabric 
were  then  divided  by  the  apparent  density  to  provide  specific  values  found  in  Table  1. 

3.2  Cathode  mechanical  properties  Tensile  test  data  revealed  the  best  mechanical 
configuration  of  the  cathode  metal  substrate.  Elastic  modulus  was  measured  by  calculating  the 
slope  of  the  stress-strain  data  points  from  0  to  0.2%  strain.  Some  of  the  specimens  exhibited 
dramatic  elongation  and  change  in  geometry,  so  a  true  stress  and  strain  are  reported  in  Table  3  to 
account  for  changing  gauge  dimensions.  Testing  of  the  45°  woven  specimens  was  stopped  when 
the  strain  exceeded  50%.  The  corresponding  specific  stress  value  would  never  be  reached  in  this 
composite  battery  as  the  other  components  would  not  be  able  to  withstand  this  amount  of  strain. 
The  45°  woven  samples  have  a  small  elastic  regime,  and  yield  occurred  at  around  4  MPa.  This 
low  yield  point  was  caused  by  the  woven  strands  aligning  themselves  with  the  test  axis  as  load 
was  applied. 

Table  3.  Specific  true  max  stress  and  stiffness  of  different  geometries  of  stainless  steel  foil. 

Orientation  refers  to  test  direction  relative  to  roll  direction. 


Substrate 

Geometry  Orientation 

True 

Specific 

Stiffness 

(GPa/(g/cm)) 

True 

Ultimate 

Stress 

(MPa/(g/cmJ)) 

Woven 

0 

2.35  ±0.08 

38.0  ±0.6 

Woven 

90 

3.77  ±0.05 

43.2  ±2.1 

Woven 

45 

0.28  ±0.02 

73.7  ±0.7 

Expanded 

0 

1.48  ±0.06 

30.6  ±3.5 

Expanded 

90 

5.52  ±0.39 

64.7  ±1.4 

Expanded 

45 

3.35  ±0.45 

29.5  ±0.7 

Perforated 

0 

5.74  ±0.28 

62.5  ±0.4 

Perforated 

90 

5.74  ±0.28 

62.5  ±0.4 

Perforated 

45 

4.05  ±0.40 

56.0  ±5.0 
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Figure  5.  Specific  tensile  stress  vs.  strain  of  different  geometries  of  stainless  steel  foil.  All 
specimens  were  oriented  along  the  machine  direction. 

Figure  5  shows  the  stress  vs.  strain  behavior  along  the  roll  direction  of  the  three  stainless  steel 
geometries.  These  plots  illustrate  the  perforated  foil’s  superior  specific  stiffness  and  ultimate 
stress  when  compared  to  the  woven  and  expanded  geometries.  Tests  were  not  performed  on  the 
perforated  metals  in  the  90°  direction.  The  perforations  are  in  a  square  pattern,  thus  the  behavior 
at  90°  is  expected  to  be  close  to  the  material  behavior  at  0°.  As  seen  in  Table  3,  the  perforated 
foil  has  a  higher  specific  stiffness  than  the  expanded  and  woven  metals.  The  stiffness  of  the 
expanded  foil  in  the  90°  direction  is  close  to  the  stiffness  of  the  perforated  foil  in  the  same 
direction,  but  the  perforated  foil  is  stiffer  than  the  expanded  foil  in  the  0°  and  45°  directions. 
The  specific  ultimate  stress  of  the  expanded  foil  is  also  higher  than  the  perforated  foil  in  the  90° 
direction.  However,  the  perforated  foil  is  stronger  along  more  loading  directions  and  was 
determined  to  be  the  best  mechanical  geometry  for  the  cathode  substrate. 

3.3  Liquid  electrolyte  full  cell  In  Figure  6,  a  full  cell  incorporating  the  non-woven  fabric  anode 
and  structural  LiFePCfi  cathode  was  cycled  for  102  cycles  over  63  hours.  The  charge  capacity 
fades  66%  over  the  first  4  cycles  followed  by  a  plateau  in  which  the  capacity  is  reversible.  The 
relatively  low  capacity  in  the  plateau  region,  referred  to  as  the  reversible  capacity,  is  of  some 
concern.  At  the  fifth  cycle,  the  discharge  reversible  capacity  is  10.00  mAh/g  and  the  charge 
reversible  capacity  is  10.04  mAh/g.  Since  the  charge  and  discharge  capacities  at  and  after  the 
fifth  cycle  are  nearly  equivalent  (as  shown  in  Figure  6b),  there  is  very  little  irreversible  capacity. 
This  equivalency  suggests  that  the  non-woven  carbon  fabric  and  LiFePCfi  are  compatible 
materials  and  can  be  used  in  a  structural  composite  battery.  However,  the  full  cell  data  is 
preliminary  and  based  on  only  one  trial,  therefore  further  testing  is  underway  to  confirm  the  data 
and  resolve  these  discrepancies. 
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Time  (h)  Cycle  Number 

(a)  (b) 

Figure  6.  Liquid  electrolyte  full  cell  using  non-woven  carbon  fabric  and  LiFePCL. 

(a)  Voltage  profde  during  the  first  20  hours,  (b)  Charge  and  discharge  curves.  Inset  shows  a 

enlarged  graph  of  cycles  1-10. 

4.  COMPOSITE  DESIGN  AND  TESTING 

4.1  Composite  mechanics  To  further  understand  the  contributions  of  each  component  to  the 
overall  mechanical  perfonnance  of  the  composite,  a  simplified  analysis  of  the  structure  was 
developed  using  rule  of  mixtures  equations  for  composites  (11).  In  this  analysis,  each  layer  was 
homogenized,  or  treated  as  possessing  constant  stiffness  and  density.  The  model  also  assumes  a 
constant  cross-sectional  area  with  perfect  bonding  between  layers,  and  only  considers  composite 
mechanical  properties  in  a  single  direction.  This  simplified  model  should  provide  reasonable 
estimates  of  composite  battery  stiffness  and  illustrate  trends  in  the  optimization  of  the  structure. 

In  the  model,  the  composite  tensile  stiffness  is  given  by 

£c=  2.  [1] 

11 

where  Ec  is  the  overall  composite  in-plane  tensile  stiffness,  E,  is  an  individual  ply’s  effective 
tensile  stiffness,  hi  is  the  ply  thickness,  H  is  the  total  composite  thickness,  and  i  numerates  each 
ply.  The  density  of  the  composite  structure  was  calculated  using  a  similar  rule  of  mixtures, 

.  P] 

where  pc  represents  overall  composite  density,  and  pj  represents  each  ply’s  density  when 
impregnated  with  resin. 
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The  general  battery  structure  shown  in  Figure  3  was  analyzed  using  this  model.  This  composite 
consists  of  five  plies:  two  anode  plies,  two  separator  plies,  and  one  cathode  ply.  All  plies  utilize 

3 

a  polymer  electrolyte  matrix  with  a  stiffness  Em  of  25  MPa  and  a  density  pm  of  1.1  g/cm 
(Section  2.1.1).  Table  4  summarizes  the  material  properties  used  for  modeling  the  mechanical 
properties  of  these  plies.  The  carbon  fiber  stiffness  and  density  values  are  for  3k  T-300  yarns, 
and  the  glass  fiber  stiffness  and  density  values  are  for  E-glass  (11).  The  density  for  the  cathode 
reinforcement  is  typical  of  stainless  steel.  The  reinforcement  volume  fractions  v/and  thicknesses 
are  from  Section  2.1.  The  stiffnesses  for  the  non-woven  anode  and  cathode  reinforcements  are 
based  on  the  experimental  measurements  of  Section  3,  and  represent  overall  reinforcement 
stiffness  rather  than  fundamental  fiber  stiffness. 


For  the  anode  plies,  four  different  configurations  were  considered:  non-woven,  unidirectional 
longitudinal,  unidirectional  transverse,  and  cross-ply.  The  unidirectional  plies  are  intended  to 
provide  bounds  on  composite  performance,  while  the  cross-ply  model  provides  a  reasonable 
estimate  for  a  woven  fabric.  For  consistency,  the  unidirectional  and  cross-ply  models  assume  a 
fiber  volume  fraction  of  34%,  equal  to  the  effective  volume  fraction  of  the  woven  fabric  from 
Section  2.1.2. 


The  unidirectional,  longitudinal  ply  stiffness  E']S  is  modeled  using  a  simple  rule  of  mixtures: 

=£»(!■ -V/)+£/V/  •  PI 

where  Et is  the  fiber  stiffness.  The  unidirectional,  transverse  ply  stiffness  E[5  is  calculated  using 
the  inverse  rule  of  mixtures: 


F  - 

^1,5  — 


[4] 


Jf  ) 


The  cross-ply  stiffness  Ef$  is  modeled  as  a  0°/90°  stack  of  unidirectional  composites  using: 


j?CP  _  J_ 
^1,5  ~  2  ^ 


+  \E 


[5] 


In  this  equation,  the  cross-ply  laminate  has  the  same  thickness,  carbon  fiber,  and  fiber  volume 
fraction  as  our  woven  fabric.  The  calculated  stiffness  value  (39  GPa)  also  falls  within  the  trends 
reported  by  Naik  for  similar  woven  fabrics  (12).  Note  that  this  cross-ply  model  will  likely 
overestimate  the  properties  of  a  true  woven  composite,  in  which  the  undulating  crimp  of  the 
fibers  reduces  their  mechanical  efficiency  by  ~  20-50%  (12). 


Table  4.  Material  parameters  used  for  composite  laminate  analysis.  Et  is  the  calculated  stiffness 

of  each  ply. 


Ply 

Function 

Reinforcement 

h 

(mm) 

Pf  vf  Ef 
(g/cm3)  (%)  (GPa) 

Et 

(GPa) 

1,5 

Anode 

Uni.  or  cross-ply  carbon  fiber 

0.33 

1.8 

34 

231 

39 

1,5 

Anode 

Non-woven  carbon  fiber 

0.25 

1.8 

7.6 

2.5* 

2.5 

2,4 

Separator 

Cross-ply  glass  fiber 

0.11 

2.5 

35 

72 

13 

3 

Cathode 

Perforated  stainless  steel 

0.05-0.45 

8.0 

45 

20.5* 

20.5 

*  Values  for  effective  reinforcement  stiffness 
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Modeling  of  the  non-woven  fabric  anode  is  complicated  by  the  fact  that  a  non-woven  composite 
cannot,  in  general,  be  accurately  modeled  using  simple  rule-of-mixtures.  However,  since  the 
electrolyte  matrix  is  very  soft  compared  to  the  reinforcement  (Table  4),  we  can  reasonably 
assume  that  the  non-woven  ply  stiffness  E™  is  equal  to  the  measured  reinforcement  stiffness 
alone  (2.5  GPa). 

The  cathode  reinforcement,  a  perforated  foil,  also  cannot  be  accurately  modeled  using  simple 
rule  of  mixtures.  However,  as  in  the  case  of  the  non-woven  fabric,  the  high  stiffness  of  the 
cathodic  substrate  relative  to  the  matrix  allows  us  to  assume  that  the  cathode  ply  stiffness  E3  is 
equal  to  the  measured  perforated  foil  stiffness  alone  (20.5  GPa).  Also  note  that,  for  this  study, 
the  overall  composite  stiffness  is  calculated  as  cathode  thickness  varies  from  0.05  -  0.45  mm.  A 
full  exploration  of  the  effect  of  various  component  thicknesses  will  be  presented  in  a  future 
publication. 

The  separator  reinforcement  is  a  woven  glass  fabric  that  is  modeled  using  the  cross-ply 
calculation  of  Eqn.  5  and  the  glass  fiber  volume  fraction  and  stiffness  values  from  Table  4. 
Equation  5  produces  a  tensile  stiffness  of  13  GPa  for  the  glass  separator  ply. 

All  ply  densities  /?,  are  calculated  using  the  rule  of  mixtures 

Pi  =  Pm^~V  f)+  PfVf  >  [6] 

where  the  reinforcement  densities  are  given  in  Table  4. 

Figure  7  shows  the  resulting  composite  specific  stiffness,  Eclpc,  for  a  range  of  anode 
configurations  and  cathode  thicknesses.  The  model  predicts  a  large  increase  in  composite  battery 
in-plane  specific  stiffness  for  woven  fabrics  (as  represented  by  the  cross-ply  model)  over  non- 
woven  fabrics.  This  trend  is  expected  since  the  woven  carbon  fabric  has  a  higher  fiber  volume 
fraction  than  the  non-woven  fabric.  In  this  case,  half  of  the  fibers  in  the  woven  fabric  are  aligned 
with  the  loading  direction,  as  opposed  to  a  smaller  fraction  of  the  fibers  in  the  non-woven  fabric. 
This  difference  in  fiber  orientation  contributes  to  the  difference  in  tensile  stiffness  between  the 
woven  and  non-woven  fabrics.  Since  the  cathode  substrate  has  a  lower  specific  stiffness  than 
carbon  and  glass  fiber,  the  specific  in-plane  tensile  stiffness  of  the  composite  battery  decreases  as 
the  thickness  of  the  cathode  substrate  increases.  According  to  the  Designers,  Specifiers  and 
Buyers  E[andbook  for  Perforated  Metals  (13),  the  elastic  modulus  of  a  perforated  metal  decreases 
almost  linearly  as  hole  size  and  open  surface  area  increases.  The  density,  and  thus  specific 
stiffness,  also  decrease  linearly  with  increasing  hole  size  and  open  surface  area.  Therefore, 
regardless  of  perforation  scheme,  the  thickness  of  the  metal  cathode  ply  should  be  minimized  or 
replaced  with  a  material  of  higher  specific  stiffness  in  order  to  maximize  the  in-plane  specific 
stiffness  of  the  entire  composite. 
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C  athode  Substrate  Thickness  (mm) 

Figure  7.  Calculated  composite  battery  specific  tensile  stiffness  vs.  cathode  substrate  thickness. 

Each  line  represents  a  different  type  of  carbon  fabric  used  in  the  model.  The  data  point 
represents  the  measured  composite  stiffness  from  Section  4.2. 

4.2  Composite  mechanical  properties  Figure  8  shows  a  plot  of  the  typical  tensile  behavior  of 
the  composite  samples.  All  of  the  samples  behaved  and  failed  in  the  same  manner.  Figure  9 
shows  a  failed  battery  tensile  sample.  At  peak  load,  the  perforated  steel  failed  and  the  load 
dropped  to  about  1/3  of  the  maximum  value.  The  steel  failure  was  audible,  and  visual  inspection 
after  testing  confirmed  this  failure  as  shown  in  Figure  9.  After  the  steel  failed,  the  load  remained 
constant  as  the  strain  briefly  increased.  During  this  short  plateau,  the  glass  fabric  appeared  to 
sustain  most  of  the  load,  and  failed  shortly  after  the  steel  failure.  As  with  the  steel,  the  glass 
fabric  failure  was  audible,  and  the  failure  location  was  visible  after  the  test.  The  carbon  fabric 
never  failed,  indicating  that  the  load  was  not  effectively  transferred  into  the  carbon  fabric.  If  the 
load  was  properly  distributed  in  the  samples  and  the  matrix  provided  complete  adhesion  and  load 
transfer,  the  carbon  fabric  should  fail  first  since  it  cannot  sustain  as  much  strain  as  the  stainless 
steel  and  glass  fabric.  The  observed  behavior  can  be  attributed  to  a  number  of  material  or  test 
configuration  issues:  poor  fiber-matrix  interface,  low  matrix  stiffness  and/or  strength  in 
combination  with  insufficient  end  tab  length,  or  insufficient  sample  size.  The  average,  measured 
specific  tensile  stiffness  for  these  composites  is  plotted  in  Figure  7.  The  measured  specific 
stiffness  is  3.6  GPa/(g/cnr),  while  theory  predicts  a  specific  stiffness  of  about  14.6  GPa/(g/cm3) 
for  a  cross-ply  carbon  fiber  fabric  and  0.25-mm-thick  cathode.  Some  of  this  difference  can  be 
attributed  to  the  reduced  efficiency  of  a  true  woven  fabric,  as  compared  to  our  cross-ply  model 
assumption  (12).  However,  this  discrepancy  also  evidences  incomplete  load  transfer  into  the 
carbon  fabric,  which  would  greatly  contribute  to  the  overall  composite  stiffness  under  ideal 
conditions.  Better  fabrication  methods  are  currently  under  investigation  to  improve  adhesion  and 
wetting  of  the  resin  to  the  fibers  and  will  be  reported  in  a  future  publication. 
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Metal  Failure 


Figure  8.  Typical  stress  vs.  strain  plot  for  a  structural  composite  battery  in  tension. 


Figure  9.  A  failed  composite  battery  tensile  specimen. 
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4.3  Composite  electrochemical  properties  The  resistances  of  both  batteries  constructed  for 
electrochemical  testing  were  found  to  be  very  low.  The  composite  battery  with  the  woven  anode 
had  a  resistance  of  4.5  ohms,  and  the  composite  battery  with  the  non- woven  anode  had  a 
resistance  of  8.4  ohms.  There  are  a  number  of  possible  sources  of  electrical  leakage.  One 
possibility  is  that  the  electrolyte  itself  pennits  electron  transport.  However,  this  scenario  is 
unlikely,  as  resistivity  measurements  on  the  candidate  electrolyte  material  have  typically  shown 
immeasurably  high  electrical  resistances.  Another  more  likely  possibility  is  that  the  separator 
layer  was  compromised,  allowing  direct  anode-to-cathode  contact.  However,  previous 
experiments  also  have  shown  that  the  separator  is  a  robust  and  effective  barrier  to  anode  and 
cathode  penetration.  The  most  likely  scenario  is  that,  during  VARTM  resin  flow,  electrically 
conductive  acetylene  black  particles  are  being  separated  from  the  cathode  substrate  and  advected 
through  the  composite.  A  percolated  network  of  these  particles,  even  if  it  only  fonns  a  single 
conductive  pathway,  would  result  in  measurable  anode-to-cathode  conductivity.  Further 
investigation  is  underway  to  precisely  identify  the  source  of  this  electrical  shorting,  which  will 
then  be  eliminated  through  modifications  to  our  fabrication  technique. 

5.  CONCLUSIONS 

A  full  structural  composite  battery  was  fabricated  and  tested  mechanically.  According  to  our 
model,  a  woven  carbon  fabric  anode  material  will  produce  a  structural  composite  battery  with 
higher  specific  stiffness  than  a  composite  battery  utilizing  a  non- woven  carbon  anode.  Tensile 
tests  indicated  that  a  perforated  metal  foil  cathode  substrate  will  produce  a  structural  composite 
battery  with  higher  specific  stiffness  than  a  woven  metal  mesh  or  expanded  metal  foil  cathode 
substrate.  Experimental  tensile  tests  of  a  woven-carbon-fabric-anode/perforated-steel-cathode- 
substrate  composite  battery  produced  lower  values  than  expected  due  to  a  weak  matrix  and 
sample  dimensions.  The  charge  and  discharge  capacities  of  the  liquid  electrolyte  full  cell  were 
roughly  equivalent  with  little  irreversible  capacity  confirming  that  the  structural  electrode 
materials  are  compatible.  Full  structural  composite  batteries  were  made,  but  were  unable  to 
undergo  electrochemical  tests  due  to  poor  electronic  insulation.  Improvements  to  the  electronic 
insulative  properties  of  composite  batteries  are  being  investigated  and  will  be  addressed  in  future 
publications. 
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